Our in vitro investigations and studies by others have demonstrated that *without exception* type I CD20 mAbs rituximab (RTX) and ofatumumab (OFA) promote robust killing of B cell lines and primary chronic lymphocytic leukemia (CLL) cells *only* via immune effector mechanisms.[@R1]^,^[@R2] These mechanisms include antibody-dependent cytotoxicity (ADCC) mediated by NK cells and macrophages, complement-dependent cytotoxicity (CDC), and phagocytosis by macrophages. OFA promotes much higher levels of CDC of CLL cells, which are generally refractory to RTX-mediated CDC.[@R1] This finding likely explains the enhanced clinical efficacy of OFA as a single agent in the immunotherapy of CLL.[@R3] Numerous mouse model studies confirm that RTX and OFA require the same effector mechanisms for therapeutic efficacy.[@R2]^,^[@R4]^,^[@R5] In addition, simple cross-linking of target cell-bound mAbs, promoted by effector cells which express Fc receptors, does not induce target cell killing;[@R5] downstream signaling by chelated and fully functioning Fc receptors on effector cells is absolutely required to mediate killing of mAb-opsonized cells. Moreover, NK cell-induced ADCC generates an "apoptotic phenotype" in mAb-opsonized cells which is due to the action of injected granzymes that activate caspases in targeted cells.[@R6] Thus, it is our contention that there is no reliable evidence to support apoptosis as an independent stand-alone cytotoxic mechanism for Type I CD20 mAbs.

Therefore, based on our studies in CLL, we stipulate that the key limiting factor for mAb-mediated elimination of tumor cells is effector function capacity, rather than mAb dose or concentration. After effector mechanisms are saturated/exhausted in patients with circulating target cells, additional mAb does not increase efficacy. Our in vivo studies strongly support this conclusion and demonstrate the *adverse consequences* of excessive doses of mAb: high doses of mAb actually promote CD20 loss.

Clearance of circulating CLL cells is observed after infusion of \~30 mg of RTX or OFA.[@R1]^,^[@R7]^,^[@R8] However, after the first wave of target cells has cleared there is a recurrence of tumor cells in the circulation, likely reflecting re-entry into circulation from other compartments. These cells rapidly lose CD20 and are resistant to clearance. This sequence of events is based on our examination of blood samples taken from CLL patients who received RTX infusions at the usual 375 mg/m^2^ dose. Within less than 24 h CD20 loss from circulating CLL cells was virtually complete and there was substantial complement consumption to the point of exhaustion of this effector mechanism.[@R7] Based on these studies, we initiated clinical trials, which included correlative measurements. Findings in these trials are consistent with our initial observations and the reproducible results demonstrate general patterns.[@R1]^,^[@R8]^,^[@R9] After infusion of only 20--50 mg of RTX or OFA, large amounts of mAb bind to circulating CLL cells, inducing rapid complement activation and covalent deposition of substantial amounts of C3 fragments on the cells. CLL cell counts drop precipitously, reflecting CDC, NK cell-mediated ADCC, and clearance of cells (opsonized with both IgG and C3b/iC3b fragments) by fixed tissue macrophages in liver and spleen which have receptors specific for IgG and for C3b/iC3b ([Fig. 1A](#F1){ref-type="fig"}). Such clearance is readily predictable based on pioneering investigations of Frank and coworkers, who examined clearance of IgG-opsonized erythrocytes in experimental animals and in humans.[@R10]

![**Figure 1.** Schematic illustration of the sequence of events that occurs when CLL patients receive intravenous infusions of large quantities of Type I CD20 mAbs. (A) Several of the body's immune effector mechanisms promote a high level of clearance and destruction of circulating CLL cells after infusion of the first 20--50 mg of the Type I CD20 mAb. (B) Later, after a first wave of clearance, a substantial number of CD20^+^ CLL cells have re-equilibrated into the bloodstream from other compartments. The cells are opsonized by mAb, but the cytotoxic mechanisms are less effective, and an alternative reaction predominates: trogocytosis (shaving) of bound mAb and CD20 by fixed cells that express Fcγ receptors. (C) After the infusion is complete, the effector mechanisms are nearly exhausted or saturated, but trogocytosis continues. Although the complement titer is substantially reduced, there is sufficient residual complement activity that the cells are covalently opsonized with C3 activation fragments (which decay to C3d) before they lose CD20. These C3d-opsonized "low CD20" CLL cells are not cleared, and can remain in the circulation for weeks to more than one month.](onci-1-959-g1){#F1}

Our correlative measurements were made at multiple times during and after infusions, and the results after infusion of only 15--30 mg of mAb are consistent with quantitative expectations.[@R1]^,^[@R8]^,^[@R9] Based on estimates of the number of CD20 molecules expressed on circulating CLL cells, a 20 mg mAb dose will easily saturate available CD20 sites for even the high burdens of *circulating cells* commonly seen in CLL. Indeed, after this low mAb dose, the heavily opsonized cells are subject to successful killing and/or clearance by the three effector mechanisms.[@R1]^,^[@R2] However, as circulating CLL cells are cleared, additional CLL cells re-equilibrate into the bloodstream ([Fig. 1B](#F1){ref-type="fig"}). As mAb infusion continues (reaching cumulative doses of \~300--1000 mg), then although ample mAb is available to opsonize cells, they are not cleared, because effector mechanisms are at this time exhausted. Instead, \> 90% of cell-associated CD20 is trogocytosed (shaved) from circulating CLL cells by fixed effector cells that express Fc receptors ([Fig. 1C](#F1){ref-type="fig"}). Compelling evidence that shaved cells were first opsonized with mAb is based on the observation that "CD20-low" cells are covalently tagged with C3d, the final breakdown product of C3b.[@R1]^,^[@R7] That is, infused RTX/OFA bound to cells, activated complement and promoted deposition of C3b, which is degraded to C3d within hours. Bound mAb and CD20 were shaved from target cells, but these cells remained viable and continued to circulate for weeks to \> one month despite the presence of mAb in the bloodstream. The C3d deposited on the cells provides unambiguous evidence that the cells had been opsonized by RTX or OFA, but not cleared.

On the basis of these findings we suggest that future clinical trials in CLL which employ these mAbs should be based on lower, more frequent mAb dosing schedules which allow for recovery of effector function between doses and also minimize CD20 loss. These trials should include correlative measurements which evaluate patient effector functions (complement titers, levels of CD16 on NK cells), to provide additional guidance. Treatment schedules based on subcutaneous doses (\~40--50 mg/day, 3 or more days/week) could provide a new paradigm that may be more effective and more convenient for patients. Finally, although our focus herein is on CD20 mAbs in CLL, this approach may be effective in other mAb-based cancer immunotherapies which require effector functions to eliminate tumor cells.
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